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Insulating gap in FeO: Correlations and covalency
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We report calculations of the electronic structure of FeO in the local-density approxintafigh) and
LDA +U approximation with and without rhombohedral distortion. In both cases LDA renders an antiferro-
magnetic metal, and LDAU opens a Hubbard gap. However, the character of the gap is qualitatively different
in the two structures, and the difference can be traced down to the underlying LDA band structure. An analysis
of the calculations gives insight into the origin of the insulating gapdm®noxides, and into the role of the
k dependency obJ, missing in the contemporary LDAU method.[S0163-182¢07)10416-7

It is a well-known fact that conventional band-structurethis may be different, but for transition-metal oxid@siO,
calculations incorrectly give a metallic ground state for theMnO) it is usually associated with Mott-Hubbard repulsibn.
intermediate 8 transition-metal monoxides CoO and FeO. In view of this, it has always been much more disturbing to
Before the high¥. cuprates entered the scene, this had beehave, wrongly, a metallic behavior in the LDA calculation
often considered as the most notable failure of the local derthan just to have a wrong gap. As formulated by Norman,
sity approximation(LDA). In the past decade a number of “one would like to obtain a gap at the level of a density-
extensions of density-functional theofDFT) were sug- functional calculation(no matter how smallso as to define
gested, which, in different manners, led to insulating groundhe Mott-Hubbard correction in an unambiguous fashion.”
states for these compounds. Most successful were varioddoreover, even in a case when the LDA does not give a gap,
flavors of the self-interaction corrected LDALDA +U,? but gives a reasonable band structure except for the immedi-
and the orbital polarization correction in a crystal-field ate vicinity of the Fermi level, and correctly describes deli-
basis® Interestingly, apart from the gap itself, the LDA ap- cate features of the ground state, such as magnetoelastic in-
pears to do as good a job as, and sometimes a better job thdayactions, it is desirable to have a correction scheme which
these sophisticated extensions, especially when gradient caloees not destroy the LDA bands completely, but rather cor-
rections to the LDA are taken into account. Structural prop+ects them in a systematic manner. Unfortunately none of the
erties are reproduced very well, including rhombohedral disschemes above acts in such a way. In this paper we shall
tortion in FeO? and its increase with pressutdloreover, analyze the results of the rotationally invariant LBA
photoemission renders the bands more similar to LDA bandéRef. 9 calculations for FeO in more detail than is usually
than to those in other calculational schentescept for the done, and compare them with the standard LDA calculations,
narrow range near the gapThe magnitude of the magnetic paying particular attention to the LDAU gap opening in
moment, which is often believed to be the first indication ofcubic and rhombohedral structures. We will see that the
a LDA failure, is nearly exact for the spin moment in CoO ground state in the LDAU approach is intimately related
(2.4ug) and FeO(3.5ug, assuming no orbital moment with the underlying LDA band structure, although LBAJ
Conversely, the gap-improving calculation tends to overestieannot fully account for the band hybridization effects,
mate the Fe moment, especially when the orbital moment igvhich seem to be quite important here. We will argue that
included (i.e., there is a tendentyto underestimate the none of the existing “corrected LDA” schemegor the
guenching of the orbital momentlt seems, then, that the straight LDA) correctly describes the ground state in FeO
main problem in the LDA is purely spectroscopi¢quite in ~ and similar compounds. On the other hand, nonlocal
the spirit of the DFY, namely, the nonexistence of the gap. It schemes similar to th&W approximation may provide a
is worth noting that an important common feature of thequalitatively correct description. It is worth noting that none
LDA and the corrected schemes mentioned above is the sulof the existing “extended-LDA” calculations has taken into
stantial width of the metad bands(for instance, in the LDA, account such an important factor as the distortion from the
the width of the Fe,4 band at normal pressure is about 1.4ideal cubic NaCl-type structure, which is associated ¢h 3
eV). This should be contrasted with the popular analysis ofnonoxides with the onset of magnetic ordering.
the electronic structure ofd3oxides in terms of separate  The electronic structure of an isolated¥eion in a cubic
levels of a width less than Jahn-Teller energy and spinfield in the high-spin state is described by the following
orbital coupling® schemé The spin-upd states are all filled, and are separated

The fact that LDA gaps are too small is well understood.from the spin-down states by the exchange splitipg The
Mathematically it appears as the density-derivative discontipartially occupied spin-down states are split by the crystal
nuity of the Kohn-Sham potential in the DFT. The physics offield, so thate(ey) — €(t,3) = A<E,. There is one electron
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TABLE I. Orbitals and their occupations without rhombohedral
distortion, for U=5.1. The character of the orbitals is
2><Eg, 2><Eé, andAg,.
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o SIC calculationsfavor d bands in pure orbital states, that is,

undermining the role of crystal field and quenching of orbital
moment. The effect on the occupietl states is thus ex-
tremely strong(of the order of 1 Ry, and all four oxides
come out as pure charge-transfer insulators. This is in con-
tradiction with the general experimental indication that the
character of the band gap changes from predominantly Mott-
Hubbard to predominantly charge transfer when going from
MnO to NiO. A large orbital moment is obtained for FeO, in
contradiction with the experimer(an argument is usually
0.05 1 i made that the experimental number may be incorrect because
of poor sample quality In fact, self-interaction correction
ﬁ was initially proposed as a remedy for the LDA in the direc-
tion of the exact, self-interaction-free DFT. It is hard to
7 r > T E imagine, however, that the exact DFT with its orbital-
FIG. 1. (a) LDA band structure without a rhombohedral distortion. The independent one-electron potential can unquench the orbital
bars show the relativé\,, character of the corresponding statésis not ~ moment. _
possible to single out a unique band with this charactey LDA +U bands The orbital-corrected functional used by Normdmas a
for the same crystal structure. THeearly purg¢ A4 band is bold. The  similar problem. The correct many-body solution for an iso-
parabqlic band _just above the Fermi Ie@rhi(_:h is shovv_n by dashed lines |gted ion with an unfilledzg shell in a cubic fieIB includes
in all figures, with the bottom at thé" point, is predominantly Fe]. an energy contribution proportional to the total angular mo-

in the triply degeneratg,, state. Antiferromagnetic FeO has mentum. This term, however, doe_s not f"%""r a s_peC|f|c direc-
alternating close-packed 11) planes of Fe ions with oppo- tion of the momgntum. The only !nteracuon Wh'.Ch dog—zs un-
site spins, lowering the symmetry to a rhombohedral Onequench ’the orb't‘."ll momentum is a wea_k spin-orbit one.
In the rhombohedral field, there is one combination of the\orman's correction has the same functional form as the
t,q States, namerAlg:(xy+yz+zx)/\/§, which can also exact quantum-chemical expressfomuyt substitutes the total

be written as Z%— 2, whereZ is parallel to[111] (here and momentum with its projection on the quantization axis. This

. orbital moment projection-dependent term acts in a wa
below we shall use lower case symbols for the cubic nhomen: proj b y

clature and upper case symbols for the rhombohedral nomerﬁ;m”ar to the spin-orbit coupling, but with a much larger
claturg. The four other states have the same symmetyy agnitude(of the order of exchange splitting). Thus in

but when the deviation from the cubic symmetry is small oneFeo the occupied spin-dowah band is too close to a pure

, m=1 state, that isxz+iyz.
can speak about the upper two levE(s, and the lower two LDA+U is equally successful in predicting a band gap

IeveIsEé, which are close td\;4, also originate from cubic (Fig. 1), but forms a completely different insulating state.
t,4 States, and are separated frﬁ@by approximatelyA. In ~ There is no mechanism for unquenching the orbital moment,
the LDA calculation, when the lattice symmetry is still cubic, apart from the spin-orbit coupling, neglected in Ref. 2
although the magnetic ordering is rhombohedral, the splittingand other LDA-U calculations. LDA-U starts from the
betweenE, andA,, is small, much smaller than their band- Straight LDA bands, where tfg, bands are strongly mixed,
widths, so that they merge into one bafmbrresponding to theAlg orb|_taI being shghtl_y more_occu_pled than each of the
the cubict,y band, which is necessarily metallic. Although W0 Eg orbitals. In a rotationally invariant forr DA +U
the magnetism in this system appears to be due to the supdfnds to apply the positive- correction to less occupied
exchange and is determined by the Oginteraction, the Eg orbitals, making them less and less filled
width of thet,, band is mainly due to the Fe-FEo over- (the potentiall correction for the more filled\,4 orbital is
lap. Fe-O hopping for this band is mainpd7 and weak. negative, and eventually splits off thé,y band, forming a
The situation in CoO with twd,y electrons is very similar. gap between it and thEé bands. Sufficiently largé) (we
There were several successful attempts to obtain an inswsed the empirical value dff=5.1 eV1° constraint LDA
lating state in FeO-® They all give an insulating gap in fair calculation$' yield U=6.8 eV) pushes the occupief
agreement with the experiment, but all for different reasonsband down close to, and fod=6.8 eV right into, the
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distortion, for U=0. The coordinate system corresponds to the
rhombohedral symmetry: the axis is perpendicular to the ferro-
magnetic Fe planes, and the axis points toward the nearest-
neighbor Fe plane with like spin. The character of the orbitals is, in
the order of the table, >2Eé, 2% E'g’ ,andAg,.
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0.39 0.00 0.00 1.00 0.00 0.00

0.05

0
-0.05 4

-0.1

7
N

,_
N
-
m

mi
N

0.4

0.35

the calculations in the cubic structure with those in the rhom-
bohedrally distorted structuk€ig. 2; we used the LDA equi-
librium distortion, calculated in Ref. 5; experimental distor-
0z tion is smaller, but increases with the presguré&o
: understand the result, one should keep in mind that disper-
0151 sion of thet, bands is mainly due to directdo hopping
0.1 - ® \ between like spins, which can be easily verified in the
005 LMTO tight-binding (TB) method by removing oxygen or-
R R bitals from the basis set, or by looking directly on the corre-
sponding elements of the LMTO-TB Hamiltonian. We ob-
> ] serve that the distortion increases thg bandwidth(due to
04 decreased distance between the like-spin)idmst mainly at
r z f the expense of thEé-Iike bands. The dispersion of thg,q
FIG. 2. The same as Fig. 1, but with a rhombohedral distortion of 6%.h3nd decreases instead, thus Ieading to a decreased occu-

. . pancy of theA,4-like state(because the wholi,, manifold
O (p) band manifold, and the unoccupig bands up above  ig |egs than half-filled One can see this by comparing the
the bottom of the Feg) band. This seems to be in qualitative occupancy matrices in the cubiable 1)) and in the dis-

agreement with the photoemission experiments, which sho,teq (Table 11l) structure on the first iteration, i.e., before

the top of the valence band to be of the mixed,e effect ofu. While in the cubic structure tha; state was

O2p-Fe 3l character? and with the optical experiments, o mostly occupied on@vith the twoE! states close next
which indicate a weak absorption between 0.5 and 2.0 eV. y P o g %

assigned to thep(d)-s transitions, and a strong absorption rst?heezlst%rrt](zd structure thg states are twice as occupied
. ; 13 1g .

Fndgoeuratc:a?lfuIZXor?:e t:}z trrr‘;’li?]?r';'glns E:ntoo ”:\fﬁg&nede'n th Our rotationally invariant LDA-U (Ref. 9 code applies

O (p)-Fe(d) band ar,1d the Fej bang aFt) 1 g oV and transi- U corrections to states which are arbitrary linear combina-

2 (p)- ’ ' tions of thed orbitals with variousn. The coefficients of this

tions into the Feq) band start at 2.2 eV.

. combination are chosen self-consistently so that they opti-
LDA and the LDA+U bands refer to the cubic FelBere mize the total energy including the Coulomb one. In the case

gggrogilgsilonw?nezr?xvuﬁiﬁ?iﬁltzrbﬁ;ﬁ EE(;/ITgt)O T;;?;_ere'of the rhomboht_edrally distorted FeO it is unfavorable to oc-
tions with a unit-cell volume 256 boPtFeO, close to the cupy theA,, orbital, not because of the Hubbard energy, but
LDA equilibrium volumé]. Since only one c;rbitaIA is because of thg one—glectro_n energy: th_e same reason why the
occupied(see Table)l the.re is no orbital moment, (Bgn,e can LDA deoccupied t_h|s _orbl'gal afte_r distortion. HOW. does
expect that including,wea(a few m Ry spin-orbit éoupling LDA+U handle t.hIS situation dun.ng_the self-consgtency

. . cycle? It is left with the only possibility to make a linear
will create a small orbital moment, but hardly one compa-
rable with the spin magnetization. The way the gap opens in ) _ ) )
LDA+U in the cubic structure is very “LDA-like.” The TABLE lll. Orbitals and their occupations with 6% rhombohe-

only way to open a gap in an effective one-electron approxi-dral distortion, forU=0. The characters areXX;, Ay, and
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mation is to split thet,; band by rhombohedral symmetry, 2xEg.

and. to occupy thé\,, .or.bital for FeO and the thé orbit- Occupation Xy yz 3721 Xz R—y?

als in CoO. In fact, this is exactly what happened in the LDA

calculations of Dufek, Blaha, and Schwafzwho used an 0.17 -0.55 084  0.00 —0.02 0.01

exotic LDA functional, which gave poor total energies but 0.17 —-0.01 0.02 0.00 0.83 —0.56

did open gaps in both compounds. 0.19 0.00 0.00 1.0 0.00 0.00
Overall this seems to be a physically satisfactory descrip- 0.38 0.84 0.55 0.00 0.00 —0.00

tion of the gap opening. However, this is not as straightfor- .39 —-0.01 -0.01 0.01 0.56 0.83

ward as one may think. To show the problem, let us compare.
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combination of theE orbitals with a possible admixture of ~ TABLE IV. Orbitals and their occupations with 6% rhombo-
the Ej states, as much as the crystal field allows, to make ifiedral distortion, ‘forU=5.1. The characters aréy,, E,,

a separate band and to open a gap between this band and theFg A1, andEg.

rest of the spin-minorityd bands(Table V).

One may feel it unphysical that the method converges to O°cuPation  xy yz  32-1 xz Xy
qualitatively different ground states with and without distor- 0.04 —0.02 0.00 099 014 0.04
tion. Probably the correct solution should be intermediate g4 0.96 0.28 002 001 0.01
between the two LDA-U stationary points, a completely 0.10 —0.28 0.96 000 002 -001
full and a completely empt, 4 state. Indeed, a closer look 0.10 001 -002 -009 083 -056
at the LDA band structure of Fig.(@ shows that along the 0.86 —0.01 000 -012 055 0.83

wholeI'-Z (111) direction theA,y band lies entirely below
the Fermi level. In the other parts of the Brillouin zone
(pointsL andF) it is completely above the Fermi level. Thus

aU matrix acting on an unoccupieth 4 orbital has to over- . I o
come the natural LDA tendency along theZ line, although Hartree-Fock-likg contribution to the total energy is singled

it is in accord with the LDA tendencies in the rest of the Out together with the noninteracting kinetic energy, and the
zone. rest is treated in a LDA. Such schemes retain the good accu-
Now one can see that the problem with the LBB is  racy of the total-energy calculations in the LDA, and im-
that theU matrix is k independent: it is a matrix in the Prove the excitation energies as well. It is worth noting that
orbital spaceVU ., —2<m=2, and this matrix does not underestimation of the hybridization tendencies inside the
depend on whether the particuldrelectron is in a bonding t1g band in LDA+U and other schemes is likely to lead to a
or antibonding interaction with the neighboring sites. Whilewrong energetics, and spoil the agreement of structural prop-
this may be a good approximation for extremely localizederties, calculated in the LDAwith the experiment.
electrons, in such materials as FeO one cannot neglect the To summarize, we report conventional LDA calculations
fact thatd orbitals extend into neighboring sites. In the and rotationally invariant LDA U calculations for antifer-
LMTO scheme the tails of each orbital, penetrating into anromagnetic FeO, both in the cubic and in a rhombohedrally
atomic sphere of a neighboring site, are reexpanded and, dgistorted structure. In both cases LBAJ opens gaps, but
pending on the LMTO flavor(‘representation’), may or  these gaps are of completely different character in the two
may not appear in the density matrix at the same site as itstructures, and also different from the gaps appearing in
head!® In the conventional LDA-U scheme, as well as in other “corrected-LDA” schemes, which, in turn, differ by
all other correction schemes discussed above, only the headseir physical nature from each other. We believe that this is
of the LMTO’s are subject to a correction. On the othera consequence of the local character of the Mott-Hubbard
hand, a more realistic correction would also apply to that partorrection in the conventional LDAU method, and neither
of ad orbital that penetrates into the neighboring spheres. Igtraight LDA nor “corrected-LDA” methods provide a
other words, a physically sound implementing of such a corproper physical description of the gap formation. We argue
rection should be essentially nonlocal. Hartree-Fock-likethat the ultimate method must take into account the nonlocal
schemes, similar to th& W approximation,’ should be able character of the Coulomb repulsion.
to reproduce the correct physics. For instance, one can ex- We are thankful to O. K. Andersen, R. E. Cohen, D. |I.
pect that the occupied band, which appears to be pureliKhomskii, A. I. Liechtenstein, and W. E. Pickett for useful
Ayq in the cubic case and purelﬁé in the distorted case, discussion. We acknowledge the hospitality of the Max-
would have a mixed character, being mdérg-like close to  Planck-Institut fu Festkaperforschung, where most of this
theI'-Z line. Correspondingly, the effectiié matrix would ~ work was performed. This research was supported in part by
be different when applied at differekt points. Another in- NSF Grant No. EAR-9418934IM ) and by RFFR Grant No.
teresting alternative is offered by non-Kohn-Sham version®RFFI-96-02-16167VIA).
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